The PLU-1 nuclear protein is expressed in most primary breast cancers and breast cancer cell lines (4, 46) , while its expression in normal adult tissues is largely restricted to testes (46) , where it is expressed in spermatogonia and in specific stages of meiosis (48) . However, significant expression is also seen in the murine pregnant mammary gland (4) and in the embryonic mammary bud (4, 47) . Thus, in addition to being elevated in breast cancer, PLU-1 is involved in the development and differentiation of the mammary gland.
The PLU-1 gene encodes a 1,544-amino-acid multidomain protein that is exclusively localized to the nucleus. Sequence homology analysis shows that it contains several conserved domains, including the ARID DNA binding domain (AT-richinteracting domain), plant homeodomain/leukemia-associated protein domains (PHD domains), Jumonji domains, and putative nuclear localization signals (46) . The ARID domain, the N-terminal and C-terminal Jumonji domains (JmJN and JmJC), two of the plant homeodomain domains, and a novel Trp/Tyr/Phe/Cys domain (the PLU domain), which overlaps the JmJC domain (62) , are conserved in the four members of the JARID1 subfamily of the larger family of ARID proteins (15 proteins to date) (86) . Although their sequence homology is high, these proteins appear to have diverse functions, with JARID1A (RBP2) being involved in activating transcription from nuclear receptors (14) , PLU-1 (now referred to as PLU-1/JARID1B) being a strong transcriptional repressor (75, 88) , and JARID1C (the SMCX gene) found mutated in some humans with X-linked mental retardation (36, 37, 73) . Genes showing high homology with the JARID1 subfamily of ARID proteins are found across species, including the lower eukaryotes, and these genes are also involved in transcriptional regulation and chromatin modifications (62, 85, 86) .
The highly conserved JmJC domain belongs to the cupid superfamily of metalloenzymes, and proteins containing this domain have been shown to have demethylase activity, targeting specific methylated lysines on histones (16, 43, 78, 83, 89) . Euchromatic histone methylation can contribute either to transcriptional activation or to repression. Overall, di-and trimethylation at H3K4 and H3K36 at the promoter level have been associated with transcriptional activation, while H3K9 and H3K27 methylation is linked to the repression of transcription (49, 57, 60, 63, 79, 91) . Recently, it has been shown that PLU-1/JARID1B specifically removes methyl groups from H3K4me3 and that the demethylation activity is required for transcriptional repression (36, 70, 88) .
The earliest known member of the ARID family, the dead ringer protein (dri) in Drosophila, was identified through specific binding to AT-rich sequences in DNA to the ARID domain (28) . While other family members, such as mouse Bright, MRF-1, and MRF-2, have shown a similar preference for binding AT-rich sequences, most have been reported to be less specific in binding to DNA (32, 35, 84) . Here we show that sequences preferentially bound by both the PLU-1/JARIDB ARID domain and the full-length protein contain a GCACA/C motif and are relatively GC rich.
Although we have shown that PLU-1/JARID1B is a strong transcriptional repressor, binding class I and class IIa histone deacetylases (5) , the specific genes regulated by this protein in breast cancer have not been identified. To identify these genes, we overexpressed and downregulated the PLU-1/JARID1B gene in human mammary epithelial cells by using a recombinant adenovirus and RNA interference (RNAi) technology, respectively. Microarray analysis showed that a total of 100 genes, including genes involved in the M phase of the mitotic cell cycle, in signal transduction, in primary metabolism, and in development, showed inversely correlated differential expressions in the two systems. As expected, most of the regulated genes (81%) were found to be downregulated by PLU-1/ JARID1B overexpression; these included several members of the metallothionein (MT) family as well as the tumor suppressor gene BRCA1 and genes required for a functional G 2 /M and/or spindle checkpoint. Chromatin immunoprecipitation (ChIP) using a polyclonal antiserum to the carboxy terminus of PLU-1/JARID1B showed that the protein bound to the promoters of the MT genes and that the level of H3K4me3 associated with the promoter of the metallothionein gene MT1H is increased in cells where PLU-1/JARID1B was silenced. Since some of the genes downregulated by PLU-1/JARID1B are involved in cell cycle checkpoints, we also tested the effects of this protein on cell cycle progression after induction of a G 2 /M block by spindle-destabilizing agents.
Quantum Biotechnologies. The Ad5-GFP vector (where Ad5 is adenovirus type 5 and GFP is green fluorescent protein) was made as described previously (69) . To obtain the PLU-1/JARID1B coding sequence joined in frame with the GFP coding sequence and cloned into the pShuttleCMV vector, the following approach was used. The full-length untagged PLU-1/JARID1B cDNA sequence was excised from the pBS-SK(Ϫ)/PLU-1 construct (46) by using the BamHI and AccI restriction enzymes. A linker containing a BamHI site was then ligated to the AccI end at the 3Ј end of this fragment. The resulting fragment was cloned into the BamHI site of the pShuttleCMV vector (Quantum Biotechnologies).
To tag the PLU-1/JARID1B coding sequence to the GFP coding sequence, a fragment containing the PLU-1/JARID1B cDNA was excised from the expression vector PLU-1-ORF/MYC-His (46) by using the NheI and XhoI restriction enzymes and cloned into the same restriction sites of the pEGFP-N1 vector (Clontech). This construct (PLU-1/JARID1B-pEGFP-N1) has a 4.781-kb fragment containing the full-length 5Ј untranslated region (UTR) and the full-length coding sequence of the PLU-1/JARID1B gene, but not the 3Ј UTR, ligated in frame to the GFP coding sequence.
Finally, to obtain a GFP-tagged PLU-1/JARID1B cDNA recombinant pShuttleCMV vector (PLU-1/JARID1B-GFP-pShuttleCMV), a NotI fragment from the untagged-PLU-1/JARID1B-pShuttleCMV construct was replaced with a NotI insert from the PLU-1/JARID1B-pEGFP-N1 construct. This fragment includes the sequence from the NotI site in position 309 of the PLU-1/JARID1B cDNA (NCBI RefSeq entry NM_006618) to the NotI site just downstream of the stop codon of the GFP gene. The final construct, PLU-1/JARID1B-GFP-pShuttleCMV, was linearized with PmeI and cotransfected with pAdeasy-1 into electrocompetent BJ5183 (Quantum Biotechnologies) for in vivo recombination. Recombinant, kanamycin-resistant clones were verified by restriction fragment analysis and PCR, amplified in DH5a, and then purified using a QIAGEN Maxi column. Purified plasmid was linearized with PacI and introduced by calcium phosphate transfection into 293A cells for virus propagation. The preparation and titration of Ad5-GFP and Ad5-PLU-1-GFP to determine the 50% tissue culture infective dose were performed as instructed in the manual for the AdEasy vector system (Quantum Biotechnologies). A total of 4 ϫ 10 6 HB2 cells were seeded in a 175-cm 2 flask and either infected or mock infected with Ad5-GFP or Ad5-PLU-1-GFP at a multiplicity of infection (MOI) of 0.5 ϫ10 3 to 1 ϫ 10 4 as described previously (69) . High-density oligonucleotide microarrays. Affymetrix (Santa Clara, CA) DNA microarray analysis was carried out on the HG-U133A chip according to the manufacturer's instructions and as described previously (69) . Affymetrix Microarray Suite 5.0 was used for the quantification of the target gene expression levels. Global scaling was applied to the data to adjust the average recorded to a target intensity of 100. Data were exported from Affymetrix Microarray Suite 5.0 into GeneSpring 6 (Silicon Genetics, Redwood City, CA) for further analysis.
Data normalization (per-chip normalizations to the 50% percentile and pergene normalization to specific samples) was performed using the protocol recommended by Silicon Genetics for Affymetrix data. When necessary, the P value was calculated by using a one-sample Student t test.
Western blot analysis. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and Western blot analysis were performed as described previously (4) . The ␣-PLU-1-C antibody to the C-terminal end of PLU-1/ JARID1B has been described previously (4) . The antibody directed against HSC70 was purchased from Santa Cruz Biotechnology (catalog no. sc7298). The horseradish peroxidase-conjugated secondary antibodies were purchased from DakoCytomation.
RNA preparation and quantitative real-time reverse transcription-PCR. Total RNA was isolated using TRIzol reagent (Invitrogen) according to the manufacturer's instructions. Two micrograms of total RNA was reverse transcribed using the reaction ready, first-strand cDNA synthesis kit (SuperArray Bioscience). Quantitative real-time reverse transcription-PCR (q-RT-PCR) was carried out using SYBR green JumpStart ReadyMix (Sigma) according to the manufacturer's instructions using a DNA Engine Opticon 2 (MJ Research, Inc.). The PLU-1/JARID1B (QPH12457A) and the BRCA1 (QPH00322A) primers were purchased from SuperArray Bioscience, while the beta-actin primers were described previously (69) . Primer sequences and the expected product sizes of the MT1H, MT1F, BUB1B, BUB3, and STK6 genes were designed using the Primer3 Web interface (66) and are detailed in Table 1 .
Analysis of q-RT-PCR data was carried out using the comparative ⌬⌬C T method (87) . For each sample, the intensity of the amplimer was normalized against that of the internal control human ␤-actin and then the data were each depicted as severalfold changes (2 -⌬⌬CT ) with respect to the transcription level observed in the control experiment.
Flow cytometry analysis. Flow cytometry analysis for detecting GFP expression was performed as described previously (69) . For cell cycle analysis, asynchronous HB2 cells were noninfected or infected with Ad5-GFP or Ad5-PLU-VOL. 27, 2007 FUNCTIONAL ANALYSIS OF PLU-1/JARID1B 7221 1-GFP at an MOI of 500. Twenty-four hours after infection, the medium was replaced with fresh complete medium containing 0.4 g/ml nocodazole or 20 M CdCl2 and incubated at 37°C, 5% CO 2 , for a further 24 h before harvesting using trypsin. The asynchronously dividing MCF7 clone and mix cell lines were harvested with trypsin before proceeding with the staining. Cells were pulsed with 10 M bromodeoxyuridine (BrdU) for 30 min before harvesting and then fixed with 1% paraformaldehyde on ice for at least 10 min. After washing with phosphatebuffered saline, cells were permeabilized using 0.5% Triton X-100 for 15 min at 25°C and then treated with 25 to 50 U of DNase (Promega; catalog no. M610A) for 45 min at 37°C. After three washes with 0.2% Tween 20-phosphate-buffered saline solution, cells were incubated with mouse anti-BrdU antibody (Becton Dickinson; catalog no. 347580), followed by staining with Alexa Fluor 647-labeled goat anti-mouse antibody (Invitrogen/Molecular Probes; catalog no. A21235). Finally, cells were resuspended in an appropriate volume of Hoechst 33342 solution (0.1% Triton X-100, 20 g/ml Hoechst 33342). Stained cells were then analyzed by using an LSRII (Becton Dickinson, San Jose, CA). ChIP assay. Subconfluent MCF7 cells were cross-linked by adding formaldehyde directly to the culture medium at a final concentration of 1% for 10 min before quenching with 0.125 M glycine for 5 min, and after seven pulses of sonication at 70% amplitude with a Branson digital sonifier 250, the chromatin was subjected to ChIP assay using the ChIP-IT kit (Active Motif) according to the instruction manual. Two micrograms of antisera to H3K4me3 (Abcam; catalog no. 8585), H3K4me2 (Abcam; catalog no. 7766), H3K4me1 (Abcam; catalog no. 8898), or control immunoglobulin G (Santa Cruz Biotechnology; catalog no. sc2027) or 5 l of ␣-PLU-1-C antiserum or prebleed antiserum was used for the ChIP experiment.
The PCR was performed using primer pairs designed using the Primer3 Web interface (66) , and primers are listed in Table 1 . The PCR was carried out in a final volume of 50 l containing 5 l of purified ChIP DNA, 2.5 l of specific forward primer (20 ng/l), 2.5 l of specific reverse primer (20 ng/l), 5 l deoxynucleoside triphosphates (2 mM), 1ϫ PCR buffer II (Applied Biosystems), 5 l MgCl 2 (25 mM), 2.5 U of AmpliTaq Gold (Applied Biosystems), and water to a 50-l final volume. The reaction mixture was incubated at 95°C for 5 min and then amplified with a variable number of cycles (between 27 and 40 cycles, depending on the promoter analyzed) at 95°C for 30 s, 50 to 57°C for 30 s, and 72°C for 45 s. Twenty microliters of each PCR was subjected to electrophoresis on a 1.8% Tris-borate-EDTA agarose gel, and DNA bands were detected by ethidium bromide staining and by using a Typhoon PhosphorImager (Molecular Dynamics).
Protein expression. The glutathione S-transferase (GST)/PLU-1/JARID1B-ARID domain fusion protein (GST-PLU-1/ARID) was obtained by cloning a 489-bp PCR product (covering the region from positions 303 to 792 of the human PLU-1/JARID1B cDNA [NCBI RefSeq entry NM_006618]) into the cloning BamHI and SmaI restriction sites of the pGEX2TK expression vector (Pharmacia). The GST-Fly/ARID expression vector was a generous gift from Robert Saint (28) . These protein expression vectors were transformed into Escherichia coli BL21 cells, and protein expression was induced by the addition of 1 mM IPTG (isopropyl-␤-D-thiogalactopyranoside) for 3 h. Cells were sonicated, and the GST fusion proteins in the cell extract were bound to glutathione-Sepharose beads (Sigma) at room temperature for 30 min before washing. The GST fusion protein was eluted from the beads by using 20 mM glutathione, pH 8.25, quantitated, and stored at 4°C.
Full-length, His-tagged, human PLU-1/JARID1B protein was produced using the baculovirus system as described previously (5) .
DNA binding activity to native DNA. The GST-PLU-1/ARID fusion protein was passed over a native DNA cellulose column (Amersham), which was then washed with loading buffer containing 50 mM NaCl, and collected in a series of increasing NaCl salt concentration fractions. Equal aliquots of the flowthrough, wash, and eluted fractions were analyzed by SDS-PAGE.
PCR-assisted DNA binding selection from random oligonucleotides. A mixture of 58-base oligonucleotides (oligoN2), in which the middle 20 bases consisted of random nucleotides between the primers F-AGACACGACACCTTT CTAAC and R-ACCCCTTATTTGCCTGCG, was converted to doublestranded oligonucleotides by Taq polymerase as follows. In the presence of [␣-
32 P]dCTP (3,000 Ci/mmol) and 0.05 mM dATP, dGTP, and dTTP, 100 ng of the single-stranded oligoN2 was denatured at 95°C for 2 min, annealed to 100 ng of the primer R-ACCCCTTATTTGCCTGCG at 52°C for 3 min, and then made double stranded at 72°C for 9 min. The resulting radiolabeled, double-stranded oligonucleotide mixture was electrophoresed through a 10% acrylamide gel, and the radioactive 58-bp band was excised. The radioactivity was used to ensure that only double-stranded oligonucleotides were used in the first selection pool. The gel fragment was crushed and soaked in elution buffer (10 mM Tris, pH 7.5, 50 mM NaCl, 1 mM EDTA) at 37°C overnight, before being precipitated and resuspended in Tris-EDTA buffer.
The oligonucleotides (approximately 10 ng) were allowed to bind to GST-PLU-1/ARID (approximately 100 g) or full-length PLU-1/JARID1B (approximately 50 g) on beads for 1 to 2 h at 4°C in the presence of 4 mg bovine serum albumin, 20 mM Tris, pH 8.0, 100 mM NaCl, 1 mM EDTA, 10% glycerol, and 1 mM dithiothreitol as well as 2 g poly (dA-dT) and 2 g poly (dG-dC). Beads were washed three times under the conditions described above and treated with 20 g of proteinase K at 50°C overnight. The DNA was extracted with phenol and precipitated before being amplified by PCR using both primers; the resulting band was excised from an acrylamide gel and eluted and precipitated as before. This binding selection process was repeated eight times.
oligoN2 was cloned into pCR2.1 using the TOPO TA cloning kit (Invitrogen) after zero, three, and eight rounds of binding and selection so that the oligonucleotides could be sequenced using BigDye (Applied Biosystems, Cheshire, United Kingdom).
Electrophoretic mobility shift assay (EMSA). Oligonucleotides were end labeled with 32 P and were used in binding reaction mixtures that contained between 0.5 and 2 g GST-PLU-1/ARID fusion protein, 50 ng poly(dA-dT) (Sigma), 20 mM Tris, pH 8.0, 12.5% glycerol, 5 mM ␤-mercaptoethanol (Sigma), 50 g/ml bovine serum albumin, 100 mM KCl, and 1 mM EDTA. Unlabeled competitor oligonucleotides, where required, were added at 5, 10, 20, 25, and 45 times molar excess. Binding reactions were allowed to proceed at room temperature for 30 min before being loaded onto a 6% acrylamide gel made with 0.5ϫ Tris-borate-EDTA. Reactions were electrophoresed for 1 to 2 h at 4°C. Gels were dried onto Whatman paper before being scanned by using a Typhoon PhosphorImager (Molecular Dynamics).
RESULTS
Overexpression and silencing of PLU-1/JARID1B in mammary epithelial cells. The immortalized nonmalignant human (11) is a clonal derivative of the MTSV1-7 cell line (7), which was originally derived from human milk, and shows many features of normal luminal mammary epithelial cells. HB2 cells, which do not express endogenous PLU-1/JARID1B protein, were infected with a high MOI of a recombinant E1 Ϫ /E3 Ϫ adenovirus type 5 vector expressing a GFP-tagged PLU-1 protein (Ad5-PLU-1-GFP) or expressing GFP alone (Ad5-GFP). By using flow analysis to detect GFP expression, the effective transduction of more than 90% of the cells was demonstrated at 24 and 72 h after infec- shRNA-clone and shRNA-mix represent changes in gene expression in the MCF7-shRNA-clone normalized to the MCF7-empty-vector-clone and in the MCF7-shRNA-mix cells normalized to MCF7-empty-vector-mix cells, respectively. The color values represent the averages between biological replicates. Four biological replicates were used for Ad5-PLU 24 h, three replicates were used for Ad5-PLU 72 h, and two replicates each were used for the shRNA-clone and shRNA-mix. The numbers of the probe sets significantly (P Ͻ 0.05, Student's t test) upor downregulated at 24 and 72 h after infection with Ad5-PLU-1-GFP are shown on the left of the tree. Asterisks denote genes that were further analyzed for their expression with q-RT-PCR. Note that the PLU-1/JARID1B transgene in the adenovirus does not contain the 3Ј UTR that is detected by the PLU-1/JARID1B-specific microarray probe set. Therefore, changes in the expression of PLU-1/JARID1B mRNA could be detected only in the RNAi cell lines where endogenous mRNA is silenced. Fig. 1 A and B) , but a cytopathic effect was not seen, even 72 h after infection. The correct molecular weight of the overexpressed recombinant protein was verified by Western blot analysis using the ␣-PLU-1-C antibody specifically reactive with the PLU-1/JARID1B protein ( Fig. 1C ) (4) . The MCF7 breast cancer cell line, which also shows features of luminal epithelial cells (8, 9) , expresses high levels of PLU-1/JARID1B. To confirm and complement the data obtained when PLU-1/JARID1B is overexpressed, the expression of the endogenous PLU-1/JARID1B gene was stably silenced in MCF7 cells by using shRNA.
The sense and antisense sequences of one set of the RNAi oligonucleotides tested by transient transfection were linked together by an 8-nucleotide loop and cloned into an shRNA expression vector downstream of the of U6 promoter (see Materials and Methods). An MCF7-shRNA clone that showed consistent PLU-1/JARID1B silencing in long-term culture was isolated, as was the mixed transfected cell line (MCF7-shRNAmix). PLU-1/JARID1B expression was almost completely silenced in the clone and was reduced by 50% in the mixed culture (Fig. 1D) . One clone and a mixed population of the empty vector transfectants (MCF7-empty-vector-clone and MCF7-empty-vector-mix) were also isolated.
Identification of genes that are differentially expressed after manipulation of PLU-1/JARID1B expression. Flow cytometric analysis showed no differences in the cell cycle profiles before and after the overexpressing or silencing of the PLU-1/ JARID1B genes in HB2 and in MCF7 cells, respectively, thus excluding the possibility that any expression changes of target genes would be due to an effect on the cell cycle progression (Fig. 1E) . We therefore proceeded to use microarray analysis to identify the specific genes regulated by PLU-1/JARID1B. Total RNA was extracted from uninfected control HB2 cells, Ad5-GFP-infected cells, or Ad5-PLU-1-GFP-infected cells 24 or 72 h after infection and subjected to microarray analysis using the Affymetrix HG-U133A gene chips. Each chip contains a total of 22,283 probe sets or probe features, representing approximately 18,400 human transcripts and expressed sequence tags. The expression value for each gene was obtained as the signal ratio between either the Ad5-GFP mock-infected or the Ad5-PLU-1-GFP-infected cell channel and the control channel of the uninfected cells. Four and three biologically independent replicates were used at 24 and 72 h, respectively. Genes were scored as upregulated or downregulated if they showed a difference of at least 1.5-fold (P Ͻ 0.05) in signal between the uninfected control cells and the Ad5-GFP-or Ad5-PLU-1-GFP-infected cells. To identify genes that were affected only by the PLU-1/JARID1B transgene and not by the adenovirus vector per se (19, 27, 69, 92) , the genes that showed differential expression in the Ad5-GFP-infected cells (compared to uninfected cells) were excluded from further analysis (data not shown). A total of 780 and 294 probe sets showed a signal ratio of at least a 1.5-fold difference (P Ͻ 0.05) at 24 h and 72 h, respectively, in the Ad5-PLU-1-GFP-infected cells but not in the Ad5-GFP-infected cells (data not shown).
To identify consistent candidate genes regulated by PLU-1/ JARID1B in mammary epithelial cells, the microarray results obtained with the recombinant adenovirus system were compared with the microarray results obtained from the PLU-1/ JARID1B-silenced MCF7 cells (MCF7-shRNA-clone and MCF7-shRNA-mix cell lines).
Gene expression values from the shRNA-transfected MCF7 cell channels were normalized against the empty vector transfectants. Two biological microarray replicates were carried out for each of the shRNA MCF7 cell lines. The probe sets that were either upregulated or downregulated following infection with Ad5-PLU-1-GFP were filtered for their differential expression in the silenced MCF7 cell lines, with the expectation that specific genes that were upregulated by the overexpression of the PLU-1/JARID1B protein would be downregulated following the shRNA silencing of the PLU-1/JARID1B gene and vice versa. Figure 2 shows a TreeView diagram with color coding demonstrating the inverse correlation between the expression changes in the adenovirus and shRNA systems. Twenty-eight and 53 genes that were significantly downregulated (P Ͻ 0.05) by PLU-1/JARIDB1 overexpression in HB2 cells at 24 or 72 h, respectively, showed at least a 1.5-fold increase in expression in the MCF7-shRNA-clone or in the MCF7-shRNA-mix. Of the 28 genes showing downregulation at 24 h, 11 were also downregulated significantly at 72 h. However, only 15 and 4 genes, which were upregulated at 24 and 72 h, respectively, following the infection of HB2 cells with Ad5-PLU-1-GFP, were downregulated 1.5-fold or more in at least one of the two silenced MCF7 cell lines ( Fig. 2; see Tables S1 and S2 in the supplemental material). The fact that most of the genes affected by PLU-1/JARID1B overexpression are downregulated confirms that PLU-1/JARID1B acts mainly as a transcriptional repressor.
By using the gene ontology mining tool from Affymetrix, we identified genes by microarray analysis and grouped them into 21 different categories according to their biological functions (see Tables S1 and S2 in the supplemental material). Of the genes showing decreased expression levels in HB2 cells infected with Ad5-PLU-1-GFP and increased levels in the silenced MCF7 cells, several relate to the M phase of the mitotic cell cycle, to the spindle checkpoint (including BUB1B, BUB3, STK6, TTK, cyclin B1, and CDC2), to signal transduction pathways, and to primary metabolism. The downregulation of expression of the tumor suppressor BRCA1 by PLU-1/ JARID1B is of great interest and could relate to PLU-1/ JARID1B function in breast cancer. Moreover, the silencing of BRCA1 is known to result the in the downregulation of expression of genes related to the spindle checkpoint (2) .
Four members of the MT family (1H, 1X, 1F, and 1E) were significantly downregulated by PLU-1/JARID1B overexpression at 24 h and upregulated following silencing with the specific shRNA (see Table S1 in the supplemental material), suggesting that the PLU-1/JARID1B protein regulates the expression of these small metal-binding proteins.
To validate the microarray data, the expression of some of the genes which were downregulated by overexpression of PLU-1/JARID1B and upregulated upon PLU-1/JARID1B silencing was confirmed by q-RT-PCR. Figure 2B shows the results for six of these genes: MTIH, MT1F, BRCA1, BUB1B, BUB3, and STK6. The PLU-1/JARID1B mRNA level was also measured by q-RT-PCR, and as expected from the Western blot analysis (Fig. 1D) , the PLU-1/JARID1B silencing was more pronounced in the MCF7-shRNA-clone. VOL. 27, 2007 FUNCTIONAL ANALYSIS OF PLU-1/JARID1B 7225
To investigate effects of changes in PLU-1/JARID1B expression on selected genes in another cell line, the repression of expression of BRCA1 and metallothionein genes was documented by q-RT-PCR in HeLa cells that had been stably transfected with a tetracycline-inducible PLU-1/JARID1B expression vector. After the addition of tetracycline, the expression of the PLU-1/JARID1B protein increases substantially at 24 and 72 h compared with that in uninduced cells (Fig. 3A) . With increased expression of PLU-1/JARID1B, the expression of BRCA1, MT1H, and MT1F is reduced, with the effect being most significant 72 h after induction. Changes in the expression of these genes were not seen in cell lines derived by transfection of the empty vector (data not shown).
PLU-1/JARID1B binds directly to the promoter of metallothionein genes. To determine whether the PLU-1/JARID1B protein can bind directly to the promoter of the target genes identified by microarray, we performed ChIP (see Materials and Methods) by using the ␣-PLU-1-C rabbit antiserum or preimmune serum. After purification of the DNA in the immunoprecipitate, the abundance of genomic DNA containing a promoter was determined by PCR amplification using sequence-specific primer pairs.
Since PLU-1/JARID1B acts mainly as a negative regulator of transcription, the ChIP assays focused on downregulated genes, with the binding of PLU-1/JARID1B to the promoters of the MT1H, MT1X, MT1F, and BRCA1 genes as well as the randomly selected IGFBP2 gene being examined. Representative ethidium bromide-stained agarose gels of the PCR products of the immunoprecipitated chromatin are shown in Fig. 4 . Immunoprecipitation with PLU-1/JARID1B antiserum resulted in the recovery of considerably more PCR products in the MT1H, MT1F, and MT1X promoters than did the preimmune rabbit serum (prebleed) immunoprecipitation. However, there were no detectable amplifications within the BRCA1 and IGFBP2 promoters with the primers used. As a negative control, we used primers specific to the promoter region of the GAPDH (glyceraldehyde-3-phosphate dehydrogenase) gene, which is unaffected by PLU-1/JARID1B. As shown in Fig. 4A , there was no enrichment in the GAPDH promoter PCR product from the chromatin immunoprecipitated with ␣-PLU-1-C compared with the chromatin immunoprecipitated with the preimmune serum. These data indicate that PLU-1/JARID1B can interact with the promoters of the metallothionein genes.
Since PLU-1/JARID1B has been found to demethylate lysine 4 on histone 3 (36, 70, 88), we examined the level of methylation of H3K4 on the MT1H promoter after silencing PLU-1/JARID1B by RNAi in MCF7 cells. The knockdown of PLU-1/JARID1B strongly reduced PLU-1/JARID1B binding, indicating that the ChIP signal is specific, and also resulted in an increase in the trimethylated form of histone H3K4 (Fig.  4B) . Changes in the levels of H3K4me2 and H3K4me1 were less obvious, but a decrease in all forms of methylated lysine 4 on histone 3 could be seen by immunohistochemistry when PLU-1/JARID1B was overexpressed in HB2 cells by the transduction of the PLU-1/JARID1B recombinant adenovirus (data not shown).
Identification of DNA sequences bound by the PLU-1/ JARID1B ARID domain. The above data suggest that PLU-1/ JARID1B could directly bind, via the ARID domain, specific sequences in the metallothionein promoters. To study the capacity of the PLU-1/JARID1B ARID DNA binding domain to bind DNA, a GST fusion protein containing this domain (GST-PLU-1/ARID, amino acid residues 62 to 225) was applied to a native DNA Sepharose column and eluted at increased salt concentrations. The majority of the GST-PLU-1/ ARID protein was retained on the DNA at a concentration of 100 mM NaCl, confirming its DNA binding properties (59) . A substantial proportion of the protein remained on the column over a wide range of salt concentrations (Fig. 5A) , suggesting that the protein can bind different sequences with different affinities.
To look for sequence-specific DNA binding activity, fulllength PLU-1/JARID1B and the GST-PLU-1-ARID protein were subjected to PCR-assisted DNA binding selection from a random pool of oligonucleotides. Twenty-five independent clones of oligonucleotides, selected by full-length PLU-1/ JARID1B and GST-PLU-1/ARID after eight rounds of binding, washing, and amplification, yielded the 25 unique sequences shown in Fig. 5B . The most striking finding is the prevalence of the GCAC motif: 69% of the full-length PLU-1/JARID1B-bound sequences contained them. Moreover, nearly half the GCAC sequences bound by full-length PLU-1/ JARID1B and all of the GCAC sequences bound by the GST-PLU-1/ARID contain a run of three or more C's. The GCAC motif was also frequently found to be immediately followed by an A and, in many cases, by both the A and a run of C's. In a few of the selected oligonucleotides, the GCAC motif was directly followed by a C and was associated with a series of C's. All the sequences had a GC content of 50% or more. These data suggest that PLU-1/JARID1B shows a preference for GCAC motifs, followed by an A (and in some cases a C) and a run of C's within 15 bp on either side of this motif.
To confirm that the PLU-1/JARID1B ARID (GST-PLU-1-ARID) binds to the identified DNA motifs, EMSAs were performed using radiolabeled oligonucleotides containing the motifs that had been selected during the PCR-assisted DNA binding selection. The PLU-1/JARID1B ARID domain bound the sequences containing the GCACA motif (1ϫ GCACA) better than the GCACC and CCACC motifs did (Fig. 5C) , and it could be competed off by a 25-to 45-fold excess of unlabeled specific oligonucleotide (Fig. 5C ), in agreement with the DNA selection binding data. Furthermore, a double GCACA motif (2ϫ GCACA) was bound very strongly. Although the GCACC motif was selected several times from a pool of random oligonucleotides, albeit less frequently than the GCACA motif, the same sequence was not bound effectively by the ARID domain in the EMSA (Fig. 5C , lane GCACC*ϩGST-PLU-1/ARID). Nevertheless, this motif, when associated with a run of C's, was found frequently within the promoters of genes directly bound by PLU-1/JARID1B (see below).
To further confirm the binding consensus of the PLU-1/ JARID1B ARID domain, we performed a series of competition assays using the consensus sequences selected in the previous assay and different variants/mutants with a 3-, 2-, or 1-nucleotide change (Fig. 6A, rows 1 to 3) . Figure 6B shows that a 5 M excess of unlabeled consensus sequence is sufficient to compete away most of the radiolabeled 2ϫ GCACA oligonucleotide, while all three variants are much less effective at competing with 2ϫ GCACA for binding to the ARID domain.
The ARID domain from the original Drosophila dri protein (GST-Fly/ARID), which selected AT-rich motifs from an oligonucleotide pool (28) and bound the consensus sequence AATTAAA in the EMSA, did not bind the GCACA motif (Fig. 5D) . Interestingly, the PLU-1/ARID domain also bound the dri consensus sequence in the EMSA (Fig. 5C ), despite the fact that this motif was not selected from a pool of oligonucleotides. To determine whether there was any difference in affinity of the PLU-1/JARID1B ARID domain for the two consensus sequences GCACA and AATTAAA, an EMSA was performed with the radiolabeled PLU-1/JARID1B consensus sequence (2ϫ GCACA) and, as a competitor, the unlabeled AATTAAA sequence (2ϫ AATTAAA). The EMSA experiment showed that the 2ϫ AATTAAA oligonucleotide was a better competitor than the variant oligonucleotides were, confirming that the PLU-1/JARID1B ARID domain can bind the dri AT-rich consensus. However, the EMSA shown in Fig. 6B suggests a lower affinity of the PLU-1/JARID1B ARID domain for the AATTAAA consensus than for the GCACA consensus (compare lanes 3, 4, and 5 of Fig. 6B with lanes 3, 4, and 5 of Fig. 6C ). The data suggest that while the purified PLU-1/JARID1B ARID domain is able to bind to an AT-rich motif, it shows preference for a sequence containing a GCACA motif. Considering the selected sequence listed in Fig. 5 , the GCACA motif is found most frequently and may be less dependent on the associated run of C's than the GCACC motif is.
To determine whether the presence of the GCACA/C motif (with or without the following three C's or G's) in promoter regions of regulated genes could relate to a direct regulation of transcription, both strands of the first 1,000 bp upstream of a selection of these genes were examined ( Fig. 7 and Table 2 ). GCACA/C is seen to be prevalent in the promoters of MT1H, MT1F, and MT1X, which we found to bind PLU-1/JARID1B (Fig. 4A) . Although the motifs also occur within the region amplified by ChIP PCR, we cannot assume that PLU-1/ JARID1B binds between these primers and not to a nearby sequence, because the DNA fragments produced by sonication in the ChIP studies ranged from 500 bp to 2 kb. However, the data support the idea that the GCACA/C motif identified in the selection process, particularly when close to a run of three C's, could be at least one of the consensus binding sites for the PLU-1/JARID1B transcription factor within the human genome. Significantly, the AT-rich consensus sequence is not found in any of the metallothionein promoters. However, a single AATTAAA sequence is found in exon 1 of BRCA1 near a motif consisting of GCACC with three C's, although the BRCA1 promoter is poor in GCACA motifs. By using a dif- (88) showed the binding of PLU-1/JARID1B to the BRCA1 promoter. It is therefore possible that PLU-1/JARID1B can bind to DNA through either sequence as well as being recruited by other factors.
Overexpression of PLU-1/JARID1B attenuates the activation of the G 2 /M block induced by destabilization of the mitotic spindle. Although changing the levels of PLU-1/ JARID1B per se does not change cell cycle progression, some of the genes downregulated by PLU-1/JARID1B do play a role in maintaining the G 2 /M and spindle cell cycle checkpoints in response to stress (Fig. 8A) . We therefore tested the effect of overexpressing PLU-1/JARID1B (and therefore downregulating these genes) on the response of HB2 cells to treatment with the spindle-destabilizing agent nocodazole, which normally results in cells being blocked in G 2 /M.
Cells were infected with Ad5-PLU-1-GFP or Ad5-GFP at an MOI of 500 for 24 h and then treated (or not) for a further 24 h with nocodazole. At the end of the incubation, cells were pulse labeled (30 min) with 10 uM BrdU and then harvested, fixed in 1% paraformaldehyde, and stained for BrdU incorporation (see Materials and Methods) and DNA content (Hoechst staining), followed by flow cytometric analysis. Infected cells expressing high levels of PLU-1/JARID1B-GFP or GFP alone were gated, and the BrdU distribution as well as the DNA content was determined to calculate the percentages of cells in G 1 , S, and G 2 /M of the cell cycle. As shown in Fig. 8B , a large proportion (about 60 to 70%) of control noninfected cells and Ad5-GFP-infected cells were arrested by nocodazole in G 2 /M. The block in G 2 /M was not seen, however, in the cells expressing high levels of PLU-1/JARID1B, suggesting that the overexpression of PLU-1/JARID1B attenuates the G 2 /M or mitotic spindle checkpoint.
MT genes, which are also downregulated by PLU-1/ JARID1B (Fig. 8C) , are induced in response to heavy metals, such as cadmium (31) . Cadmium has also been reported to induce DNA damage as well as to destabilize the mitotic spindle (45, 81) . We therefore looked at the effects of cadmium on was washed with loading buffer containing 50 mM NaCl and then with the increasing salt concentrations shown. Equal aliquots of the flowthrough (FT), wash, and eluted fractions were analyzed by SDS-PAGE before Western blotting using anti-GST as the primary antibody. (B) Sequences of oligonucleotides selected by full-length PLU-1/JARID1B and its specific ARID domain from an initial pool of random nucleotides after eight rounds of PCR/selection. The sequences were analyzed by the MAC vector software. The common motifs are indicated. Sequences were denoted as PLU or ARID, depending on whether they were selected with full-length PLU-1/JARID1B protein or GST-PLU-1/ARID fusion protein, respectively. Underlining indicates three or more flanking C's or G's. (Fig. 8D) .
DISCUSSION
The selective increase in expression of the transcriptional repressor PLU-1/JARID1B in breast cancer warranted an investigation into the identification of genes whose expression is regulated by this protein. By using two mammary epithelial cell lines expressing low and high levels of PLU-1/JARID1B, the effects of overexpression and RNAi-induced decrease in expression were investigated by microarray analysis. Eighty-one percent of the 100 genes shown to be inversely regulated in the two systems were transcriptionally repressed when PLU-1/ JARID1B expression was upregulated, confirming its role as a transcriptional repressor. In this report, we have studied in more detail the control of expression of MT genes and the tumor suppressor BRCA1 gene, which are transcriptionally repressed by PLU-1/JARID1B. This regulation appears to be operational not only in mammary epithelial cells but also in HeLa cells, where the induction of expression of PLU-1/ JARID1B from an inducible promoter also resulted in the downregulation of the expression of these genes. The downregulation of genes involved in the G 2 /M and spindle checkpoints correlates with the changed response to nocodazole (and to a lesser extent cadmium) when PLU-1/JARID1B is overexpressed.
This is the first study to report a global analysis of the regulation of gene expression by a member of the JARID1 subfamily of the ARID DNA binding proteins. These proteins contain the JmJC domain, which has previously been shown to have demethylase activity (78) . Following the recent finding that PLU-1/JARID1B can demethylate tri-, di-, and monomethylated H3K4 (36, 70, 88) , we show here, using ChIP analysis, that the level of trimethylated H3K4 on the promoter of MT1H is increased in PLU-1/JARID1B-silenced cells. We have also identified a new unconventional consensus sequence (GCACA) which is bound specifically by the PLU-1/JARID1B can deliver its H3K4 demethylase activity to the promoters of some downregulated target genes, such as the MT genes, by binding (through the ARID domain) to the GCACA/C consensus sequence. Binding to promoters of other downregulated target genes, which are not rich in the GCACA/C motif, could be through AATTAAA if this sequence is present (as it is in the first exon of BRCA1). EMSA data suggest that the PLU-1/JARID1B ARID domain can bind to this sequence, even though oligonucleotides containing this sequence were not selected from the pool of random oligonucleotides. On the other hand, binding may not be direct but rather may be through other interacting proteins such as c-Myc (70) . ChIP analysis using our ␣-PLU-1-C antiserum (directed to epitopes in the carboxy terminus) did not precipitate the BRCA1 promoter. In contrast, Yamane et al. showed, by
ChIP, that PLU-1/JARID1B is associated with the promoter of tumor suppressor genes, including BRCA1 (88). The antibody used by Yamane et al. was raised against PLU-1/JARID1B N-terminal epitopes, which may suggest that the epitopes in the C-terminal domain of PLU-1/JARID1B are not exposed when bound to the BRCA1 promoter, as they are when bound to the MT promoters.
Transcriptional regulation of MT genes. MTs are low-molecular-weight, cysteine-rich metal-binding proteins that can be induced to very high levels in response to various stress conditions, including exposure to heavy metals (such as zinc or cadmium), reactive oxygen species, and bacterial or viral infections (10, 18, 30, 31, 40, 53, 54, 68) . MTs are known to participate in fundamental cellular processes, such as cell proliferation and apoptosis, and have been involved in multidrug resistance to cancer chemotherapy and free radical scavenging in cells (13, 22, 41, 42, 55, 65, 67) . In humans, four isoforms of MT (MT1, MT2, MT3, and MT4) have been described previously, with the MT1 and MT2 isoforms being both basally expressed and highly inducible. The MT1 isoform includes at least 11 genes (including MT1A, -B, -E, -F, -G, -H, -I, and -X), which are clustered within the q13 region on chromosome 16. The MT2, MT3, and MT4 isoforms are located on the same chromosome. Different MT genes in humans may play specific functional roles during development and in various physiological conditions as well as in different organs. While the MTF-1 transcription factor has been found to be responsible for the activation of these genes (33) , this is the first report documenting a factor which represses their transcription. ChIP analysis showed PLU-1/JARID1B to be associated with the promoters of MT genes. Since the sequences selected from a random mixture of nucleotides (by both the full-length PLU-1/JARID1B protein and the ARID domain) contain motifs (GCACA/C, with three C's or three G's) that are abundant in the MT promoters, it is highly likely that the protein binds directly to the promoter sequences. Nevertheless, the data do not exclude the possibility that (i) other domains in PLU-1/ JARID1B are involved in direct DNA binding and/or (ii) the protein may be recruited by other DNA binding factors. The mutation of the GCACA/C motifs in the promoters will help resolve this issue.
Data from the literature suggest that there is an inverse correlation between the expression of PLU-1/JARID1B and of both basal and induced expression of MTs. Basal expression of MTs can be detected in the liver of rat, mouse, and human (where PLU-1/JARID1B expression is low [4] ), and the proteins are induced severalfold following exposure to heavy metal ions, thus ensuring detoxification and protection from the carcinogenic effects of cadmium (26) . In contrast, in rodent testes, where Plu-1/Jarid1B expression is high (48) , basal levels of MTs are undetectable and are not induced by heavy metals. This result correlates with the high susceptibility of testes to cadmium-induced carcinogenesis (51, 72, 93) , where the low MT level is thought to allow the elimination of cells with DNA damage rather than the mobilization of a repair response which could lead to defective progeny (93) . Since the expression of PLU-1/JARID1B is very high in spermatogonia and in specific stages of meiosis (48) , it is possible that the low expression of MTs in normal testes relates to the high expression of PLU-1/JARID1B. An inverse relationship between the expression of MTs and PLU-1/JARID1B is also seen in breast cancer cell lines. Thus, high levels of the MTs MT1E and MT2A are found in the breast cancer cell lines Hs578T and MDA-MB-231, which express low levels of PLU-1, while lessinvasive estrogen receptor (ER)-positive cell lines, such as MCF7, ZR75, and T47D, show low expression levels of the MT proteins but high levels of PLU-1/JARID1B (3, 4, 46, 74) .
The significance of MT-1 gene expression in tumors has not been fully clarified, with their expression varying with tumor/ tissue type (38, 39, 77) . In breast cancer, an inverse correlation between the expression of MTs and ER staining has been reported (24, 58) , as was seen with the breast cancer cell lines. Because both PLU-1/JARID1B and the ER appear to be inversely correlated with the expression of MTs, it is possible that both are involved in the regulation of their expression. We have not been able to demonstrate interaction between the two factors in coimmunoprecipitation experiments with MCF7 cells; however, they could both be operating through different complexes.
PLU-1/JARID1B, BRCA1, and cell cycle checkpoints. The downregulation of the BRCA1 gene following the overexpression of PLU-1/JARID1B is of great interest. BRCA1 is a tumor suppressor gene whose germ line mutation has been found in almost 45% of hereditary breast cancers and in 80% of families whose members have a high incidence of both breast and ovarian cancer (21, 23, 29, 52) . Although gene mutations of BRCA1 are very rare in sporadic breast and ovarian cancer, their expression is frequently reduced or absent in these cases, mediated by epigenetic changes (25, 50) . BRCA1 plays a major role in detecting and repairing DNA damage: it is required for effective S-phase progression and is crucial for function of the G 2 /M-phase checkpoints in the cell cycle, as suggested by the fact that BRCA1-deficient cells exhibit defective G 2 /M arrest in response to genomic damage (56, 90) . The observed overexpression of PLU-1/JARID1B protein in breast cancers may therefore bestow some growth advantage to tumor cells by downregulating the BRCA1 tumor suppressor gene.
Also related to the downregulation of BRCA1 is the downregulation by PLU-1/JARID1B of a specific set of genes that code for homologues of yeast (Saccharomyces cerevisiae) proteins involved in the control of the spindle checkpoint (BUB1B, BUB3, STK6, and TTK), in chromosome condensation (BRRN1 protein kinase), and in the transition from G 2 into M (cyclin B1 and CDC2). BUB1B and BUB3 are components of the mitotic checkpoint that delays anaphase until all chromosomes are properly attached to the mitotic spindle; BUB3 localizes BUB1B in the kinetochore (17, 71, 76) . BRRN1 is the regulatory subunit of the condensin complex, which is required for the conversion of interphase chromatin into mitotic-like condensed chromosomes (12, 34, 82) . Cyclin B1 and CDC2 interact with each other and form a serine/threonine kinase holoenzyme complex, which is essential for control of the cell cycle at the G 2 /M (mitosis) transition (6, 15, 20, 44, 61, 64) . Thus, PLU-1/JARID1B may be involved in the regulation of G 2 /M checkpoint and late M phase and in regulating the expression of a specific set of genes involved in spindle assembly, chromosomal condensation, and transition through the late stages of mitosis.
A highly relevant observation has been recently reported by Bae and colleagues (2) , who identified the genes that are downregulated when BRCA1 is silenced by RNAi. Microarray analysis showed that the downregulation of BRCA1 repressed the transcription of the same group of genes downregulated by PLU-1/JARID1B, i.e., the genes involved in the mitotic spindle checkpoint (e.g., BUB1B, TTK, and STK6) and in the progression into and through mitosis (CDC2). The effects of PLU-1/ JARID1B on these genes could therefore be mediated by the downregulation of the expression of BRCA1. An observation of potential relevance to PLU-1/JARID1B and checkpoint control comes from genetic studies of the fission yeast, where the yeast homologue of PLU-1/JARID1B (msc-1) corrects for a defective Chk1 gene (1) .
Consistent with the expression profile analysis reported here, cells expressing high levels of PLU-1/JARID1B failed to arrest in G 2 /M after treatment with the spindle poison nocodazole. Cadmium is also reported to be a spindle poison, al-though the block in G 2 /M is, at best, only partial (45, 80, 81) . Nevertheless, in cells overexpressing PLU-1/JARID1B, the small increase in the number of cells in G 2 /M after cadmium treatment was consistently reduced. These combined data suggest that by downregulating the expression of genes whose expression is normally increased in response to stress signals, resulting in a block in G 2 /M, the PLU-1/JARID1B transcriptional repressor is modulating this response. This function could be highly relevant to any role that this protein plays in the development and progression of breast cancer. Current studies aiming to develop a mouse strain defective in PLU-1/ JARID1B function should lead to further clarification of the function of this protein.
